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INTRODUCTION

Objectives

Beginning in the summer of 1964 we endeavored to study the natural history
and taxonomy of four sympatric Agrilus Megerle' (Coleoptera: Buprestidae).
These Agrilus were of particular interest because of their morphological sim-
ilarities. Three of them, the bronze birch borer (Agrilus anxius Gory), the
bronze poplar? borer (A. granulatus liragus Barter and Brown?®) and the aspen
root girdler (A. horni Kerremans) had only been distinguished rather recently.
The fourth species, A. pensus Horn (= betulae Fisher) is distinct from the oth-
ers in coloration, but very similar otherwise. The credibility of contentions
that these taxa are very closely allied will be deliberated here in the light of:

1) A taxonomic study of these and related Agrilus, which included working
both with specimens and literature.

2) An analysis of their larval habits, their ecological relationships to their
hosts, and their population-limiting factors. Much of what is known about
these aspects is taken from the literature and reinterpreted in the light of more
recent findings, and pertinent writings on other Agrilus are also discussed.

3) Direct and indirect observations on the behavior of the adults in the
field and laboratory.

4) A preliminary study of interspecific mating and a theoretical analysis of
phylogeny, zoogeography, and speciation (or subspeciation).

Historic Background

THE BRONZE BIRCH BORER. A. anxius is probably the most notorious Ne-
arctic species in the genus, and at one time was thought to be the cause of birch
dieback. It was first recognized as a pest of shade trees and ornamental birches
in the late 1800°s and was called ‘‘the bronze birch borer’’ by Chittendon (1898).
Chittendon says that ‘‘one correspondent has expressed the belief that if radical
measures are not adopted, the loss of every birch in the city of Buffalo in the
near future is imminent. This insect has already destroyed the common white
birch [Betula papyrifera] and ... many of the cut-leaf and European white bir-
ches. It even attacks trees planted but a year before.’’

Most of the reports of damage came from the northeastern U. S., perhaps
because more birches had been planted there as shade trees. Nevertheless,

1The majority of authors credit Curtis (1825) with originating the name Agrilus. How-
ever, Megerle (1823) published a price list in which the heading ‘‘Agrilus v. M. Bupres-
tis)’’ appears. This simple listing credits Megerle with authorship, and Curtis (1825)
merely designated one of Megerle’s included species, Buprestis viridis L., as the geno-

type.

2The term poplar will here be used to refer to species in all sections of the genus Populus.

3 : . :
Described as Agrilus liragus Barter and Brown (1949); status changed by Carlson (1969).
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the problem was not confined to that region. Chittendon (1900), for example,
notes that in 1899 ““Prof. F. C. Newcombe of the University of Michigan, Ann
Arbor, Mich., wrote that what was without doubt this species, and which he
designated as the white birch borer, had been in that locality for two or three
years and had killed half the white blrches in the city of Ann Arbor.”’

Swaine(1918) first reported anxius killing trees in forests. This was the
start of a devastating and puzzling epidemic of birch dieback which primarily
affected Betula papyrifera, although some mortality of Betula lutea (=alleghani-
ensis) was also ascribed to this affliction. By 1951, 67 percent of the birches
in Maine had been killed, and 15 percent of those remaining were in a decadent
state due to the effects of birch dieback and bronze birch borer attack (Nash,
Duda, and Gray, 1951).

Much research concerning the bronze birch borer and dieback in the 1940’s
and 1950’s was directed at determining whether or not the beetle was causing
the death of the trees. This question was hardly a new one then. Chittendon
(1898) says ‘“‘as in the case of injury ascribed to the two-lined chestnut borer
[Agrilus bilineatus Weber] there is still a certain question of doubt as to whether
or not this birch borer is really the primary cause of the death of the trees.
Our correspondent is of the opinion that the injury in Buffalo is due primarily
to the attack of this borer, since it has been observed attacking vigorous trees. ”’
The work of Anderson (1944), Nash et. al. (1951), and Barter (1957) shows, how-
ever, that the insect played a secondary role, usually killing those trees al-
ready afflicted with birch dieback. Whether or not birch dieback was the pre-
disposing factor in earlier ravages of the bronze birch borer, when it allegedly
killed mostly shade trees, is dependent upon what birch dieback really is. It
is evident that the shade trees in many cities were in a weakened condition in
the late 1800’s, perhaps because of droughtiness.

THE BRONZE POPLAR BORER. The habits of A. granulatus liragus adults
were first observed and recorded by Lintner (1883) before anything was pub-
lished about the habits of A. anxius, and of course well in advance of the estab-
lishment of the fact that the poplar feeder and birch feeder were not one and the
same. Chittendon (1898) says, ‘‘a very singular thing in connection with the
occurrence of this borer in birch is that in spite of frequent search, extending
over a period of two years, our correspondent has been unable to find this in-
sect attacking any other tree than birch--a remarkable condition of affairs when
we consider the numbers of observations by careful observers of its occurrence
on poplar and willow.”’

Smith (1949a) discovered that the A. anxius (sensu Fisher, 1928) reared
from Betula spp. had 22 chromosomes, while those reared from Populus spp.
had only 20. Subsequently, Barter and Brown (1949) named the poplar feeding
form A. 11ragus Although A. granulatus liragus has habits nearly identical
to those of anxius (host specificity excepted) it has never been accorded any
great significance as a pest. Like anxius the bronze poplar borer attacks and
kills only trees in weakened condition (Barter, 1965). because poplars are
used less frequently as ornamentals than birches, g. liragus is not as impor-
tant an ornamental pest as anxius. Furthermore, no large scale maladies on
the order of birch dieback occur in forests of native North American Populus
spp. so that the bronze poplar borer has not been associated with forest devas-
tation.

THE ASPEN ROOT GIRDLER. Harrison (1959) discovered what he thought to be
a new species of Agrilus feeding on the roots of aspen suckers (Populus tremu-
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loides and P. grandidentata). The establishment of a chromosome number of
22 for this species seemed to indicate that it was more closely allied to anxius
than to g. liragus (Nord, 1962). Later, Nord, Knight and Vogt (1965) discovered
that the proper name for the root boring form is A. horni, a name which Fisher
(1928) and Barter and Brown (1949) thought to be a synonym of anxius. Because
of their uncertainty, however, they did not synonymize horni with anxius.

A. horni has attained a modest reputation as a pest. Nord (1962) says that
it caused severe damage to hybrid aspen out-plantings which were part of gen-
etics experiments conducted by the Institute of Paper Chemistry in Wisconsin
and Michigan. 1In 1964, the trees in some of the affected plots were destroyed
and the tests were re1n1t1ated However, in 1964 they were still having trouble
controlling horni. This, no doubt, was due to the inappropriateness of the con-
trol techniques used, rather than to any factor in the beetle’s ecology which
makes it difficult to control. Moreover, because of its ecological preferences,
it is not likely that this insect will ever cause great injury to well-stocked nat-
ural stands of aspen suckers that are growing on areas of moderate or good site
quality.

THE ALDER-BIRCH BORER. Fisher (1928) was uncertain of the status of A.
pensus. He says ‘‘this species may only represent a color variety of anxius,
but since nothing is known of its habits, it is best to retain it for the present,
at least, as a valid species.’’ Even though he was unsure of the distinction be-
tween pensus and anxius, he took the liberty of describing betulae, a synonym
of pensus, from 3 specimens. Although there is really little question that pen-
sus is actually a distinct species, its biology remained almost unknown prior to
the studies here described. The ecology of pensus makes it rather innocuous,
and it has attracted little attention. However, it appears to be an important fac-
tor in the ecology of alders (Alnus spp.), which are important as wildlife cover
in their lakeside and streamside habitat.

TAXONOMY

The Genus Agrilus

SIZE AND DISTRIBUTION .  Agrilus beetles are thought to feed only on angio-
sperms (Fisher, 1928). onfmement to angiosperms could indicate that the
genus arose in the Cretaceous or later, which seems to allow ample time for
it to have attained the vast size and Worldwide distribution it presently has.
Schaefer (1949) said the genus included 2500 described species, and Obenberger
(1957) claimed that in his collection alone, there were over 3000 described and
undescribed forms. Obenberger (1959) believed that there are over 4000 species
of Agrilus.

The largest number of species occur in tropical or subtropical areas, but
Agrilus is well-represented in temperate regions too. Fisher (1928) recog-
nized 125 described forms from the North American fauna (North of Mexico),
and a considerable number have been described since, mostly from the south-

1
Personal communication, 1964; D. Einspahr, Institute of Paper Chemistry, Rheinlander,
Wisconsin.



4 Contrib. Amer. Ent. Inst., vol. 4, no. 3, 1969

western United States.

SUBDIVISIONS . QObenberger (1957, 1959), with some rather specious rea-
soning, tried to show that there is no way to divide Agrilus into acceptable sub-
genera. He was, however, willing to admit that there are some recognizable
species groups.

The economically important Eurasian ‘‘species’’! Agrilus viridis L., its
many destructive ‘‘host races,’’ and the lesser known North American A. po-
litus Say together represent such a species group which is extremely difficult
taxonom1cally Both A. politus and A. arcuatus Say are classified by Fisher
(1928) as being composed of several sympatric ‘“‘subspecies, ’’ but each actually
represents a multi-species ‘“‘complex.’”’

Frost (1912) recognized some of these ‘‘sibling species’’ problems, and
presented suggestlons for their solution. He concluded by saying ‘‘the studies
in the otlosus and anxius groups have been so far, rather dissappointing, due
to the difficulty of getting series of both sexes. The only species that is at all
abundant in this locality is otiosus, taken on oak leaves. The olivaceous vari-
ety of acutipennis has been encountered quite often on oak, and bilineatus occurs
in favorable places on oak sprouts, but in general the species turn up singly or
in pairs, with aggravating slowness. Several very interesting problems are
suggested by the material in hand, and more specimens from widely separated
areas may present a solution.’’ In many groups of Agrilus, a similar situation
still exists.

The Agrilus anxius Group

DEFINITION . ' Presumably broadening the limits of the Agrilus anxius
group sensu Frost (1912), it is here defined as those species in which the adults
have the carina of the pygidium projecting as a spine, (figs. 2, 3), and (2) have
a sexual dimorphism in the structure of the last abdominal segment The mar-
ginal sclerite® of the hind segment is smooth and in males lies in a plane near-
ly confluent with that formed by the sternite (fig. 33). In females the marginal
sclerite is reflexed or beveled with respect to the sternite (fig. 32). In most
of the species the first and/or second abdominal sternites are also sexually di-
morphic. In males these sternites are often grooved medially (fig. 1), while fe-
males never have such a groove.

NOMENCLATURE  Nord et al. (1965) have referred to the ‘“Agrilus anxius
complex.’” The term complex carries a connotation of propinquity that is in-
appropriate for a group that includes anxius, g. liragus, and horni, and we,

1Actually,includes a number of sympatric species (see, for example, Basurmanova, 1958).

2Agrilus otiosus Say.

3Those parts of the tergites terrhed the ‘‘vertical portions of the segments’’ by Fisher
(1928), but they are not vertical on the hind segments and the term marginal sclerite
seems to be a preferable alternative.
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therefore, will not apply it here. The Agrilus anxius group is comparable to
what in many other families of insects would be recognized as a genus. Were
the anxius group to be delineated from other Agrilus as either a subgenus or
genus, either of the Agrilus synonyms Teres Harris (1829) or Uragrilus Seme-
nov (1935) (=Epinagrilus Stepanov, 1954) could be applied. Because the limits
of the anxius group are not ascertainable from the literature, it would be un-
wise to use a formal name for it at this time.

MORPHOLOGIC ANALYSIS . The taxonomic analysis of anxius group species
is based primarily on adult morphology, but important information is also fur-
nished by other developmental stages. The interpretation of morphologic char-
acters is strongly influenced by studies of adult behavior which are discussed
later, and some findings from studies of adult morphology are deferred to the
Evolution section.

Adults. The analysis of adult morphology was based primarily on collec-
tions made in Michigan (Iron, Gogebic, Benzie, and Manistee Counties) and
Wisconsin (Vilas Co.). Material in the collections of the University of Michigan
Museum of Zoology (Ann Arbor, Michigan) the Entomology Research Institute
of Canada (Ottawa, Ontario), Harvard University, Museum of Comparative
Zoology (Cambridge, Massachusetts), the Philadelphia Academy of Sciences
(Philadelphia, Pennsylvania) and the U. S. National Museum (Washington, D.C.)
was also examined. The following types were studied: Agrilus betulae Fisher,
Agrilus fulminans Fisher, Agrilus populi Fisher, Agrilus horni Kerremans
(=blanchardi Horn, name preoccupied), Agrilus nevadensis Horn, Agrilus
niveiventris Horn, Agrilus pensus Horn, and Agrilus gravis Leconte.

On the basis of the study of the types and other material the following no-
menclatural changes (including those made by Carlson [1969]) were called for
and will be followed here:

AGRILUS BROWNI, new species

Agrilus browni, new species
Agrilus lateralis, sensu Fisher (1928), in part.

Fig. 1. Ventral aspect of Agrilus horni &, show-
ing the median groove on abdominal sternites 1 and 2.
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AGRILUS GRANULATUS Say

Agrilus granulatus granulatus Say
Buprestis granulata Say (1823)
Agrilus granulatus populi Fisher; status assigned by Carlson (1969)
Agrilus populi Fisher (1928)
Agrilus trichocarpae Chamberlin (1929)
Agrilus granulatus liragus Barter and Brown; status assigned by Carlson (1969)
Agrilus liragus Barter and Brown (1949)

AGRILUS PENSUS Horn

Agrilus pensus Horn (1891)
Agrilus betulae Fisher (1928); synonymy designated by Carlson (1969)

AGRILUS QUADRIGUTTATUS Gory

Agrilus quadriguttatus quadriguttatus Gory
Agrilus quadriguttatus Dejean (1833, 1836), nomen nudum
Agrilus quadriguttatus Gory (1841)
Agrilus quadriguttatus niveiventris Horn; status assigned by Carlson (1969)
Agrilus niveiventris Horn (1891)
Agrilus nevadensis Horn (1891); synonymy designated by Carlson (1969)
Agrilus quadriguttatus fulminans Fisher; status assigned by Carlson (1969)
Agrilus fulminans Fisher (1928)

AGRILUS RUFICOLLIS Fabricius

Agrilus ruficollis Fabricius
Buprestis ruficollis Fabricius (1787)
Agrilus lateralis Say (1823), new synonymy
Agrilus sayi Saunders (1871), name unnecessary (lateralis not preoccupied)

Fisher (1922) reared an Agrilus sp. from bayberry (Myrica pensylvanica,
= carolinensis) at Lyme, Connecticut, for which he used the name A. lateralis
Say. The original description' of lateralis (Say, 1823), however, fits A. rufi-
collis Fabricius more closely than the species that was reared from Myrica.
Forthat reason and because of the range limits apparent for it, the species
which Fisher reared from Myrica is here given the name Agrilus browni n. sp.

Say (1823) says the head of lateralis has a profoundly impressed line, which
certainly is characteristic of ruficollis. A. browni has the front only weakly
impressed. Say also notes that the length of lateralis is1/5 inch (about 5.1 mm),
which is not exceptionally short for ruficollis, a smaller and more variable
species than browni. On the other hand, specimens of browni as short as 5.1
mm must be extremely rare, as we have seen none approaching that size.

1According to Fisher (1928) the lateralis type was lost, but, presumably, it was destroyed,
as is the case for the majority of Say’s specimens.
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The only bonafide records for browni are from places very remote from
the lateralis type locality. Say (1823) described lateralis from a specimen col-

lected in Missouri, which then included the vast region west of the Mississippi
known as the Louisiana Purchase, excluding what is now the state of Louisiana.

Knull (1922) found browni in abundance on sweet ferns (Myrica asplenifolia, =
Comptonia peregrina) in Pennsylvania, but no reliable records are known to

us for any area west of that state. In spite of the examination of large amounts

of sweet fern by P. C. Kennedy' and a modest amount of searching on that host
plant by us, browni has not been encountered in Michigan. The strength of all

the evidence leads us to suppress lateralis as a synonym of ruficollis.

Fisher (1928) provides a good description of browni (under the name later-
alis), and his ‘‘lateralis’’ neotype? is here designated as the type of browni.
The species is named for Mr. William J. Brown®, who suggested that Fisher
(1922, 1928)had misapplied the name lateralis.

Fisher (1928) knew A. nevadensis Horn only from the type, and that speci-
men appears to have been deformed during pupal development. Fisher (1928)
says its scutellum is not carinate, but the carina appears to be present, al-
though it is positioned abnormally on the deformed scutellum. The somewhat
prolonged elytra have more sharply pointed apices and more coarsely rugulose
surfaces than typical q. niveiventris, but there are no other structural differ-
ences. The pigmentation of some specimens of q. niveiventris from southern
California is as dark as that of the A. nevadensis type, which was collected in
Nevada. o

The following sections will be devoted primarily to anxius, pensus, horni,
and g. liragus. The discussion of other members of the anxius group is de-
ferred to a later section on evolution.

Since Gory (1841) described anxius, other forms have been named, two of
which are synonyms, while another was mistaken for a synonym. Agrilus
gravis Leconte and A. torpidus Leconte were described in 1859, but Fisher (1928)
placed them as synonyms of anxius. Agrilus blanchardi Horn (not Saunders) and
A. pensus Horn were described in 1891. Because the former was a primary
homonym, it was renamed A. horni by Kerremans (1900). Fisher (1928) thought
that horni was a synonym of anxius. Knowing of no material besides the type
which could be identified as horni, he believed that it was merely an abnormal
specimen. Being somewhat uncertain, however, he retained horni as valid.

When Barter and Brown (1949) established that a poplar-feeding form and
a birch-feeding form had been confused under the name anxius, they decided

1Personal communication, 1967; P. C. Kennedy, North Central Forest Experiment Sta-
tion, U. S. Forest Service, East Lansing, Michigan.

2According to Fisher (1928), this specimen is a male, which he collected on bayberry at
Lyme, Connecticut and deposited in the U. S. National Museum collection.

3Entor'nolosg;y Research Institute, Canada Depaftment of Agriculture, Ottawa, Ontario.
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to retain' that name for the birch-feeding form. They suppressed torpidus

as a synonym of anxius, but made no definite decision regarding the name gra-
vis. The gravis type is a female that Barter and Brown (1949) could not identi-
fy reliably. The name liragus was, therefore, given to the poplar feeding form
with the distinct possibility of it later proving to be a synonym of gravis. There
have been doubts that this was the proper thing to do. For example, the appli-
cation of gravis by Blanchard (1889) for the species collected on poplars (not
‘““sprouts’’?) is cited by Nash et al. (1951) as a possible indication that gravis
was the proper name for the poplar feeder.

Although the gravis type lacks the coppery sheen often found on the head and
pronotum of anxius spec:1mens its absence is not a good indication of the iden-
tity of the type. V¢ Vogt pointed out that specimens of anxius from some parts
of the Great Lakes Region are often colored more like g. liragus than are spec-
imens from more eastern parts of the United States. Indeed, the coppery re-
flections are often very indistinct in specimens from the Upper Peninsula of
Michigan, which lies within the type locality recorded by Leconte (1859) as the
‘‘Lake Superior Region.”’

By relying on characteristics other than coloration and working with spec-
imens collected in the Upper Peninsula of Michigan, we found that Agrilus gra-
vis Leconte is really a synonym of anxius Gory, and therefore g. liragus Bar-
ter and Brown is to be retained as valid The name gravis, as used in a num-
ber of papers in the late 1800’s, refers to either anxius or g. liragus; assign-
ment to one or the other depends upon the host designated, if any. References
using the other anxius synonym, torpidus Leconte, are to be treated similarly,
except for those which refer to willow as a host. The latter (e.g. Cook, 1890;
Davis, 1891, 1892) refer to A. criddlei Frost, which makes galls on W1110WS
The host of cr1dd1e1 was recently established through rearing by Wong and Mc-
Leod (1965).

Barter and Brown (1949) concluded that anxius and g. liragus are separable
only by reliance on male genitalia, coloration of the head and pronotum, and
host plant identity. We cannot concur with them fully. As previously indica-
ted, anxius specimens from some areas do not have very distinct coppery re-
flections on the pronotum, and this iridescence also seems to fade quite rapid-
ly in some museum specimens. Wetting the specimens with various relaxing
agents is particularly destructive to the iridescence of these beetles. On the
other hand, there are structural differences, besides male genitalic ones which,
in combination, can be used for separating anxius and g. liragus. One of these,
a difference in the form of the tarsal claws, was not noted by Barter and Brown
(1949). The membraneous attachment of the tarsal claws of g. liragus appears
to be either more flexible or looser than that of anxius. Consequently, the g.

liragus tarsal claws are often clearly separated from the unguifer, making the

1They indicated the location of the anxius type as being unknown,

2Blamch'.eu'd thought what he had found on poplar sprouts was anxius.

3Personal commununication, 1966; G. B. Vogt, U. S. Dept. Agr., A.R.S., Entomology
Res. Div., Washington, D. C.
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latter clearly visible. The claws of anxius are attached so that there is very
little space between their bases and the unguifer. The unguifer, is therefore,
more difficult to see. In addition, the claws of anxius are usually rather dis-
tinctly swollen at their bases, and tend to obscure their attaching membrane
which stretches across the opening in the last tarsomere, while in g, liragus the
basal parts of the claws are usually not strongly swollen, and the membrane in
the tarsomere opening is usually readily visible.

The females of anxius and g. liragus differ in the shape of the projecting
spine on the pygidium, but the males do not. In g. liragus females the spine
usually projects strongly (fig. 2) and is rather cylindrical, while in anxius fe-
males it is usually shorter and more blunt (fig. 3), and its tip is often broad
and elyptical in end view.

A useful characteristic mentioned by Barter and Brown (1949), is the ten-
dency for the elytral tips of g. liragus to be acute and strongly serrate (fig.

Fig. 2. Dorsal surface of the pygidium
of an Agrilus granulatus liragus ¢ (X40).

Fig. 3. Dorsal surface of the pygidium
of an Agrilus anxius ¢ (X40).
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Fig. 4. Elytra of A. granulatus liragus ¢ (A), A. anxius ¢ (B), and A. pensus J (C).

4a), while those of anxius are more broadly rounded and not as strongly
toothed (fig. 4b). By using both the coloration differences and the somewhat
obscure and somewhat variable structural differences of the pygidial spine,
tarsal claws, and elytra it is usually possible to distinguish the females of an-
Xius and g. llragus |

The most reliable characters for separating males of anxius and g lira-
gus are those of the aedeagus. The parameres of anxius have broad ventral
inner margins, and these margins together form a trough which is broad and
shallow (fig. 5). Ventrally, the inner margins of the g. liragus parameres are
usually narrow, together forming a trough which is narrow but deep in compar-
ison with that of anxius (fig. 6).

Nord et al. (1965) separate horni from anxius and g. liragus by utilizing
characteristics of both the male and female genitalia. The ov1p031tor of horni
(relative to elytron length) is significantly shorter than that of g. liragus or
anxius. Nord et al. also pointed out that the average ovipositor length is less
in g. liragus than in anxius, and in some cases the minimum length for g. lira-
gus approaches the horni maximum. However, they found no overlap in ovi-
positor length between g. liragus and horni.

The male genitalia of these species correspond in length to those of the fe-
males. In addition to being shorter, the aedeagus of horni differs from those
of anxius and g liragus in having parameres which are less dialated posterioral-
ly, their margins being subparallel (fig. 7). Nord et al. (1965) say that ven-
trally and subapically the inner margins of horni parameres are arcuate to
subarcuate, while those of anxius and g. liragus are angulate to subangulate.
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Figs. 5-8. Ventral sides of the aedeagi of Agrilus anxius (5), A. granulatus

liragus (6), A. horni (7), and A. pensus (8).

The ventral trough formed by the parameres tends to be intermediate in form
to the troughs of anxius and g. liragus, which are quite different from each
other.

Despite the confusion which has occurred regarding the identity of horni,
it is really quite distinct from either anxius or g. liragus. Besides the geni-
talic differences already noted, horni differs significantly from anxius and g.
liragus in other ways. Most significant of all, perhaps, is the moderately
dense pubescence on the marginal sclerites of the abdomen. As Horn (1891)
points out, this pubescence appears all the more distinct because of the white
pruinosity which is associated with it. Together, the pruninosity and white
pubescence tend to form a white band which is very distinct on newly-collected
horni specimens, but also quite noticeable on material that has been preserved
for many years. The pubescence is usually dense enough to obscure the sculp-
turing of all the marginal sclerites, except for the last one. These marginal
sclerites are usually less pubescent in anxius and g. liragus, and the pubescence
is usually not dense enough to obscure the sculpturing of the marginal sclerites.
Moreover, the marginal sclerite of the second abdominal segment is either
glabrous or noticeably less pubescent than those of the first and third segments
in anxius and g. liragus.

There are also distinct differences in the structure of the elytra. The tex-
ture of horni elytra is very even, the disc being comparatively smooth, finely
imbricate, and usually lacking a distinct longitudinal costa (fig. 9). The disc
is usually more coarsely imbricate in anxius and g. liragus, and often has a
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Fig. 9. Agrilus horni .

longitudinal costa and a rather distinct depression just mesad of the costa and
between the disc’s basal third and apical half. Frequently in g. liragus, and
sometimes also in anxius (see o', fig. 39), this depression is pruinose, the
pruinosity forming a spot similar those on the elytra of g. granulatus, but less
distinct. Upon close examination, the parts of the depression where the spot
tends to form can usually be seen to have a small group of recumbent hairs
which are alingned differently and sometimes longer than the surrounding ones.
The pruinosity usually disappears in preserved specimens, but the faint spot
formed by the unaligned hairs can often be detected.

The recumbent pubescence on the elytra of horni is distributed rather e-
venly over the surface and is also rather short and uniform in length. That of
anxius and g. liragus is usually not uniform in distribution or length, and many
of the hairs are longer than those of horni elytra.

The structure of the head is also somewhat different in horni. The front
is almost always rather flattened in profile. Sometimes in anxius and even
less frequently in g. liragus, the front is somewhat flattened in profile, but
in these species it usually bulges, presenting a rounded profile.

The form of Agrilus pensus is intermediate between that of A. anxius and
A. quadriguttatus Gory, the latter being a willow feeding species. Barter and
Brown (1949) say that the male genitalia of pensus are structured like those of
g. liragus and g. populi, but this is not true. The pensus aedeagus (fig. 8) is
somewhat variable, but more like that of anxius than that of g. liragus or g.
populi. Barter and Brown also say that pensus lacks pubescent and prui-
nose spots on the elytra, but while they are not found on specimens from Nova
Scotia and New Brunswick they are quite apparent on some specimens from
Michigan and are also found on the type of the pensus synonym betulae Fisher.
As in A. quadriguttatus and subspecies the subapical maculation of the elytra
is likely to be spread out along the elytral suture instead of concentrated in
a small spot. Also as in A. quadriguttatus the elytra are likely to be angulate
at the apex (fig. 4c), forming a broad notch, instead of acuminate as in A.
granulatus and subspecies, which have a narrower notch between the apices.

Eggs. The eggs of pensus (Engel, 1968), anxius, g. liragus, and horni
are creamy white immediately after they are deposited. They are flattened and
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oval in outline. There seem to be no interspecific differences in egg size,
those of horni being about 1.2 mm long by 0.8 mm wide, according to Nord
(1962).

The eggs of anxius (and presumably g. liragus) are coated with a semi-
transparent whitish substance immediately following deposition (Barter, 1957).
The substance apparently acts as a cement and as a protectant for the soft egg
shell. There is no evidence that horni applies such a substance to its eggs.
Instead, the chorion of horni eggs appears to toughen as the larvae develop,
and as a result they turn dark brown to black. The eggs of anxius and g. lira-
gus darken like this only when parasitized. They develop grayish-black streaks
and then become completely black prior to emergence of the parasite adult (cf
Barter, 1957, 1965). This led Nord et al. (1965) to believe that the darkening
of horni eggs may have been associated with parasitism, but this is not the
case. |

Larvae. Benoit (1965) presents a complete description of g. liragus larvae,
and gives the differences between these and the larvae of anxius. He says the
larvae of these species are about 30 to 40 mm long and 2 to 3.5 mm wide' .

The body is white, except for the anal forceps and other minor sclerotized por-
tions, which are ferruginous. The prothorax, which is wider than the rest of
the body, has a median I-shaped sclerotized line on the tergum. A similar
structure, which is only vaguely sclerotized, is located on the prosternum
(Barter, 1957). The segments posterior to the prothorax are all about equal

in width.

Benoit (1965) says C-shaped spiracles are located on abdominal segments
one through eight, and similar, but somewhat larger ones are found dorsolat-
erally on the mesothorax. Actually, the sclerotized C-shaped structure is
part of the spiracular valve, and the spiracular opening itself is located inter-
nal to the transparent valve.

Benoit (1965) states that the labial palpi are absent, but this is not true.
Apparently he missed them because they were out of focus when his microscope
was focused on the rest of labium (cf fig. 10 and his fig. 1B).

Because of the nature of his samples, Benoit’s morphologic comparison of
the larvae of anxius and g. liragus is of questionable value. He obtained his
material from two localities, one for each species. This could hardly give one
an adequate sample of intraspecific variation.

Nevertheless, the species differences in the coloration of the anal forceps
which Benoit has listed do appear to hold for larvae collected in Michigan as
well as for those from Quebec. The anal forceps of anxius are described by
Benoit (1965) as being reddish, with the line of sclerotization extending anteri-
orally beyond the anal opening. He says the forcepsof g. liragus are more
brownish, with the sclerotization ending abruptly just posterior to the anal o-
pening. The larvae of pensus and horni tend to be intermediate to those of
anxius and g. liragus in both the structure and coloration of the anal forceps.

The characters Benoit (1965) used were worked out by Alexseev (1960).
Among them was the location of a short macro-seta (‘‘un pied petite’’) located
in relation to a small circular depression or dimple in the cuticle. The dim-

1 ) . A
Benoit (1965) does not specify the developmental stage of the larvae from which his mea-
surements were taken. |
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Fig. 10. Labium of Agrilus granulatus liragus lar-
va (X234). Note that the right palp is completely out of
focus as with both in fig. 1B of Benoit (1965).

ples which are supposed to be associated with the pedalis structuralis (thoracic
leg rudiments) are not evident on living larvae, and do not seem to be present
with any regularity on specimens fixed in ““XAAD’’ or by boiling. Consequent-
ly, the dimple may be the result of shrinking or swelling of the cuticle or as-
sociated tissues which may be related to the method of fixation and preserva-
tion. Benoit (1965) killed and preserved his larvae in 70 percent alcohol.
There also seems to be the possibility that the absence of the depressions may
have been related to the stage of larval development. Most of the larvae we
examined had assumed the bent-over position in the pupal chamber. Benoit
failed to mention the developmental state of the larvae he examined.

Benoit (1965) says there are also other marked differences between the
larvae of anxius and g. liragus. As these require higher magnifications or
more preparation, we did not examine Michigan material for these characters.

Pupae. There is nothing particularly unusual about the pupae of these spec-
ies. All are creamy-white at first, and gradually assume the adult coloration.
The eyes are the first parts to darken, and the elytra darken last. It appears
to be during the period of pupal development that much of the adult structural
variation arises, and it may very well be as much due to variation in the con-
ditions under which the pupae develop as it is to genotypic variation.

GENERAL BIOLOGIES OF AGRILUS ANXIUS,
A. PENSUS, A. HORNI, AND
A. GRANULATUS LIRAGUS

Hosts and Ranges

THE BRONZE BIRCH BORER. A. anxius appears to be host specific to birches,
Betula spp. Fisher (1928) lists the followmg birches as hosts for anxius:
yellow birch, Betula lutea; paper birch, B. papyrifera; European  white birch,
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B. alba (and varieties); gray birch, B. populifolia; and sweet birch, B. lenta.
Barter and Brown (1949) also list B “fontinalis as a host for anxius. Hitchcock,
et al. (1964) rank this birch as a variety of the western paper birch, B. occi-
dentalis, which is closely allied to B. papyrifera. Harlow and Harrar (1958),
in fact, call the western paper birch B. papyrifera var. commutata.

- Although it has been reared from numerous hosts, the principal hosts for
anxius are the native paper birches, B. papyrifera and B. occidentalis. A.
anxius is, then, primarily confmed to northern forest types, but its range ex-
tends somewhat south of the range of B. papyrifera in the eastern U. S., where
it is found even at low altitudes as far south as Washington, D. C. It ranges
west to Oregon and British Columbia.

THE BRONZE POPLAR BORER. A. granulatus liragus has been reared from
several Populus species, although its principal host is trembling aspen, Pop-
ulus tremuloides. In addition, Barter (1965) lists the following as hosts for
g. liragus: bigtooth aspen, P. grandidentata; eastern cottonwood, P. deltoides;
balsam poplar, P. balsamifera ssp. balsamifera; and the black cottonwood, P.
balsamifera ssp. tr1chocarpa (Torr. & Gray) Brayshaw (1965).

The known range of g. liragus is very similar to that of anxius, but g. lir-
agus does not occur as far south as anxius does in the eastern U. S. The
southern edge of the g. liragus range seems to comply more closely with the
range of P. tremuloides than that of anxius does with the range of B. papyrifera.
Just how far north either g. liragus or anxius occur is not known, but both
have been taken as far north as Edmonton, Alberta. The former, at least,
should occur in interior Alaska.

THE ASPEN ROOT GIRDLER. Trembling aspen is the principal horni host,
but bigtooth aspen and balsam poplar are also infested. Infestation levels on
balsam poplar are sometimes quite high.

When seed stock of various species of poplars are transplanted in experi-
mental orchard-like plots, horni can be particularly troublesome. Nord et al.
(1965) found that under these conditions, horni readily infests the Eurasian
species Populus alba and P. tremula. He found that various hybrid aspens
were also infested. In nature, however, horni is probably confined mostly to
species which reproduce by root suckering (i. e. aspens and balsam poplars).

Although horni has not yet been found as far west as g. 1ragus it is prob-
ably not because the former has a more limited distribution, but is more likely
a reflection of the fact that horni is not collected as readily as is g. liragus.
There are specimens in the U. S. National Museum from Massachusetts to
Arizona, and as far north as Aweme, Manitoba.

THE ALDER-BIRCH BORER. A. pensus has been reared from Alnus rugosa
and collected on the foliage of this shrub. It has also been found in abundance
on the foliage of green alder, Alnus crispa according to Barter and Brown,
(1949). Fisher (1928) described betulae, a synonym of pensus, from speci-
mens reared from river birch (Betula nigra) and Knull (1930) reared a large
series from that host. The records of Blanchard (1889) for Agrilus granula-
tus collected on alders refer to Qensus not to quadriguttatus as Fisher (1928)
suggests. Records for pensus on Ostrva virginiana are of questionable sig-
nificance. One specimen collected by C. A. Frost (Monmouth, Maine; June
23, 1910) is labeled ‘‘ironwood’’ and three by Geo. M. Greene (Philadelphia,

1 .
Horn (1891) described pensus from the series taken by Blanchard (1889).
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Pennsylvania; May 24, 1900) are labeled ‘‘hophornbean.’’' Not only is it rath-
er doubtful that pensus infests Ostrya, but it is entirely possible that alders
or young birches were mistaken for Ostrya. Ironwood, at least, is an unlike-
ly host because its ecology is so very .different from that of alders and river
birch. A. pensus has been collected as far west as Aweme, in southern Man-
itoba, and in the East occurs as far north as mid-New Brunswick (Barter and
Brown, 1949). Manee (1913) recorded Agrilus granulatus on ‘‘black alder’’

at Southern Pines, North Carolina. As it was collected with Eupristocerus
cogitans Weber (an agriline species that infests alders), the record should be
considered to refer to Agrilus pensus.

Life Cycles

A. anxius and A. granulatus liragus have a two-year life cycle under some
conditions, but a one-year life cycle when other conditions prevail. A. horni
and A. pensus, however, seem to have obligatory two-year life cycles.

ANXIUS AND G. LIRAGUS. When the eggs of anxius and g. liragus are de-
posited on hosts that are dying, severely injured trees or blowdowns, for ex-
ample, the larvae often construct the pupal chamber during the same season
that the eggs were laid. On the other hand, when oviposition occurs on more
vigorous hosts, a two year life cycle results (Balch and Prebble, 1940; Ander-
son, 1942; Barter, 1957, 1965). Nonetheless, the larvae of these species
cannot survive in healthy trees, and successful larval development is always
dependent upon the host being in a weakened condition because of drought, re-
peated unsuccessful borer attacks, or other injuries (Barter, 1957, 1965).

PENSUS . The habits of A. pensus have not been studied sufficiently to es-
tablish the usual condition of its host at the time of oviposition. We have never
seen larval galleries that would indicate a life cycle of less than two years
for pensus. Furthermore, the larvae appear to overwinter primarily in two
stages. Mature larvae, of course, overwinter in the pupal chamber, and
early instar larvae are found overwintering deep within the xylem. Blanchard
(1889) says pensus ‘‘breeds in and frequents stems of partly dead alders, but
does not appear on the foliage very much.’’ Knull (1950) says it breeds in
‘‘unhealthy’’ river birches, but mentions nothing about the size of the trees in-
fested. Fisher (1928) says the pupal cells are common in the stems of young
river birches that have died, and we have similarly found that the adult emer-
gence holes are common on dead alders. However, numerous speckled alders
were examined for the presence of pensus larvae, and those which harbor im-
mature larvae are invariably alive, and many of those infested with mature
larvae or later stages have not succumbed completely. Because the larvae al-
ways seem to require more than one year to complete development, the adults
probably never oviposit on hosts imminently near death.

Only one attempt was made to attract pensus with cut stems of alders.
Although there was a pensus infestation in the area, none were attracted. Ovi-
position on such material would be detrimental for this species, because early
death would be inevitable for the larvae. The bark of Alnus rugosa is so thin
that the phloem would become moribund and dessicated much too quickly to

1Specimens in U. S. National Museum, Washington, D. C.
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permit larval development. However, it seems probable that even large, de-
cisively injured or felled river birches are not attractive to pensus.

HORNI . Nord (1962) found no evidence of anything less than a two-year
life cycle for horni, and those findings are supported by our observations. By
examining suckers containing mature larvae it is often possible to establish
when the first instar gallery was formed. First instar larvae feed in the phloem
while moving down the stem toward the root, but in no instance was a first in-
star gallery located in the phloem of suckers infested with mature larvae. When
it was not obliterated by the larva when it re-entered the stem, the dark spot
indicating the position of the first instar gallery was invariably found between
the outer two rings of xylem.

Moreover, out of 60 larvae introduced into suckers of various sizes, 5 lar-
vae completed their development during the second summer. One larva ma-
tured in the laboratory during the third summer, but no larvae matured during
the first season.

Nord (1962) found that the total length of horni galleries varied between 40
and 90 inches. The maximum length of the galleries of anxius and g. liragus
which mature in two years is about 52 inches. The galleries of anxius or g.
liragus larvae completing their development in one year are usually less than
half that long (cf Barter, 1957; Anderson, 1944). Thus the evidence is over-
whelmingly against the occurrence of a one-year life cycle for horni. Two
years are usually required for horni development to be completed, but occa-
sionally it may take three years.

1

Developmental Patterns

HATCHING OF EGGS. Barter (1957, 1965) found that incubation of anxius
and g. liragus eggs requires about two weeks. The same is true for horni,
and is probably generally true of many Agrilus. When embryonic development
is complete, the first larval instar bores out of the egg and into the bark of the
host, leaving the egg shell packed with frass.

LARVAL FEEDING PERIOD. Although larval behavior differs among Agrilus
species, certain generalities can be made. As with most Buprestidae, the lar-
vae never bore exit holes for their frass, but instead pack it tightly into the
gallery behind them.

Heering (1956) gives a very detailed account of the larval behavior of Agri-
lus viridis. Some aspects of its behavior seem very similar to those of anxius
or g. liragus, and other aspects seem typical for Agrilus in general. The viri-
dis larvae are pressed tightly into the gallery. According to Heering this allows
the microscopic spinules on the lateral muscular ridges to grip the sides of the
gallery. The larvae move forward by constricting and stretching the segments
telescopically. Movement of the parts of the body besides the head and anal for-
ceps is entirely restricted by the sides of the gallery.

All the tissues macerated by the larvae pass through the digestive tract.

As the frass passes out the anus, it is clasped between the anal forceps. With
these the larvae pack the frass tightly into the gallery behind them (Heering,

1Nord et al. (1965) said that during the first stadium the larvae feed in the cortex, but
this is the position of the gallery one year after it is formed.
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1956). It would seem necessary that the frass be packed at least enough to
make its density as great as that of the tissues on which the larvae feed.

The Bronze Birch and Bronze Poplar Borers. Barter (1957, 1965) says
that after they bore out of the egg, the larvae move directly through the bark
to the cambial' region, but Anderson (1944) found that some larvae bore as
much as 10 inches in the bark while passing obliquely to the cambial region.
These species mine chiefly in the phloem, but the xylem is also scored. An-
derson (1944) found that after reaching the cambial region, the larvae feed for
an average of 1.3, 3.9, 7.1, and 13.0 inches in each of the four larval stadia
preceding the molt to the fifth instar, after which the pupal chamber is formed.
This indicates that there is a correlation between larval size and the amount of
feeding done in any stadium. In the trees from which Anderson accumulated
these data the points at which molting occurred were marked by departures of
the gallery into the xylem. In hosts of a very decadent nature the larvae usu-
ally do not bore into the xylem before molting. On the other hand, in the more
vigorous hosts which can be successfully infested, there are likely to be more
xylem departures than molts. Apparently, these xylem departures are elic-
ited by the unfavorable conditions occurring when host vigor is comparatively
high.

Host condition also has a bearing on other aspects of gallery formation.

In severely weakened or very decadent hosts larval galleries usually show no
distinct pattern. Under these conditions, the larvae follow a course suggesting
that they feed on the freshest phloem they encounter (Barter, 1957). These
galleries can be fairly straight, but they usually meander without any pattern
in these kinds of hosts.

In more vigorous hosts a zig-zag or sinuate gallery pattern is the rule.
Under these conditions anxius makes a gallery which progresses in the direc-
tion tended by the phloem sieve elements or the Xylem vessels, but weaves
back and forth across their grain forming a gallery with continually expanding
hyberbolic links (figs. 11, 16). Under similar conditions the successive links

............. R RRANOR A 0t s oy 2

Fig. 11. Larval gallery of Agrilus anxius (in Betula papyrifera)
that has healed over, indicating that it was made under conditions
of high host resistance (from Anderson, 1944).

1Some authors suggest that these insects bore in the cambium. The cambium is extreme-
ly thin (strictly defined, a single cell thick; cf Esau, 1953) and, therefore, it is inaccur-
ate to say that these insects bore in the cambium. Although the cambium may be con-
sumed as an insignificant part of the nutriment, food value is more likely to be derived
from its derivatives, particularly the phloem and perhaps the newly-formed xylem.
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of the g. liragus gallery are much closer together, often lying adjacent to each
other (fig. 12). The attempt to explain these gallery patterns will be deferred
to the part of this section which deals with host resistance.

The Alder-Birch Borer. The larvae of A. pensus boring in the stems of
Alnus rugosa often form galleries without any regular pattern. Sometimes,
however, the gallery is sinuate like those of anxius, particularly those parts
of the pensus gallery which do not lie deeply in the wood. Xylem departures
are more frequent with pensus larvae, and sometimes they bore through the
wood from one side of the stem to the other, a behavioral trait noted by Bar-
ter (1957) for anxius when it bores in branches.

According to Larsen (1901) anxius larvae make spiral galleries in branch-
es. This has never been reported for g. liragus, and pensus does not form
spiral galleries, even when it bores in alder branches only about an inch in
diameter.

Only one case was encountered in which several pensus larvae had com-
pletely girdled the phloem', and this was only during the latter stages of lar-
val development. Very little is known about the larval behavior of this spec-
ies, but it seems clear that if the host dies during the earlier stages of lar-
val development, they would be unable to complete their development (cf page
16). Perhaps for this reason, mass attack is not the habit of this insect.

The Aspen Root Girdler. Some aspects of A. horni development seem to
differ radically from what is characteristic of anxius, pensus, and g. liragus.
In horni and often in the others, eclosion from the egg is followed by direct
entry into the phloem, but the first instar gallery is otherwise quite different
in horni. The mechanism triggering the first molt of horni larvae appears to

Fig. 12. Larval galleries of Agrilus granulatus (from area of in-
tergradation of the nominate subspecies with g. liragus [see p. 85],
but typical for the latter, at least). Some had healed over, indicat-
ing high host resistance (courtesy of R. E. Stevenson, Forest Biol-
ogist, Canada Dept. For. & Rural Dev., Calgary, Alberta).

1Comple’ce girdling may be more prevalent under some conditions than others. At Mall-
ard Creek in Iron Co., Michigan, a moderately large pensus population build-up occurred
one or two years after a stand of alders had been flooded by a beaver dam. In this area,
alders that had been completely girdled by pensus were not rare (personal communication,
1968; R. P. Engel, University of Michigan, Ann Arbor).
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be different, because the first instar galleries of this species are comparative-
ly long. Prlor to molting the first instar larvae of anxius and g. liragus bore
an average of 1.3 inches after entering the phloem, although the gallery some-
times extends as much as 10 inches in the bark before it reaches the phloem
(Anderson, 1944). In suckers recently killed by horni what appears to be the
first instar gallery may extend out into a root for as much as 42 inches, and
the total length of the first instar gallery usually is greater than 12 1nches
Whether or not the first molt of the horni larvae occurs during the first sea-
son of development is unknown. No larvae have been found at this stage during
the winter or spring. Presumably, they have been overlooked because of their
small size (about 2 mm long in the first stadium).

Brooks (1914), presents an excellent discussion of the larval behavior of
Agrilus vittaticollis Randall, which probably is a distant relative of horni
(see fig. 44). He says that upon leaving the egg, the vittaticollis larva bores
in the ‘““‘cambium’’ (meaning cambial region) progressing down the trunk and
into the root for a distance of 6 to 12 inches before boring into solid wood.

For most of its length the gallery in the phloem is straight, generally following
the grain of the wood. However, it sometimes zig-zags across the grain af-
ter leaving the egg, and invariably spirals once or twice in the phloem of the
root before entering the xylem.

The larvae of horni behave similarly, but proceed with the grain until they
enter the root. Just after reaching the root they are apt to make one or two
spirals in the phloem, and often make others before they begin boring princi-
pally in the xylem. This behavior varies and may be dependent upon the size
of the root and the condition of the host.

Sometimes the horni larvae do not bore in the xylem until they turn back
toward the stem. In other instances they spiral in the xylem while still pro-
gressing away from the stem. Root diameter seems to be the factor deter-
mining where the larvae change the feeding direction. The turn is apparently
elicited when the larvae reach a point where the diameter of the root they oc-
cupy is so small that they completely destroy the xylem. In aspens this is apt
to occur where the root diameter is about 1/8 to 3/16 of an inch in diameter.
The larvae may derive the stimulus eliciting the turn toward the stem when
severing of the xylem results in different pressures on each side of the breach.
While transpiration should make the pressure on the proximal side negative,
any pressure in the distal part should be positive.

The turning point may be as much as 42 inches or more from the stem, but
if the roots are short the larva may reverse its feeding direction only 6 inches
from the stem. Instances in which the turning point is close to the stem are
rare because the roots of aspen suckers are usually rather long.

The phloem in the roots of young aspen suckers is much thinner than that
in aspen or birch stems suitable for infestation by g. liragus and anxius, re-
spectively. The difference relates to the age-dependent accruement of inac-
tive phloem. Although horni galleries lie principally within the xylem, it
could hardly be otherwise. It appears that they consume the phloem too, and
of all they ingest, the phloem probably provides most of what is assimilated.

After horni larvae re-enter the stem they sometimes bore a rather loose-
ly spiralled or almost straight gallery which departs from the cambial region.
Nord (1962), however, notes that the larvae always tunnel in the cambial re-
gion long enough to girdle the phloem. The root damage inflicted by horni
larvae rarely seems to cause the death of suckers, because foliar discolora-
tion occurs after the larvae return to the stem. Zahner and Debyle (1962)
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found that pruning only one half of the parent root of aspen suckers causes lit-
tle mortality, even after two years. Consequently, horni-induced sucker mor-
tality must be considered to result mostly from girdling of the stem.

The extent to which horni larvae feed in the cambial region after returning
to the stem may be related to sucker vigor (Nord, 1962). Stager (1923) found
that Agrilus aurichalceus Redtenbacher (= rubicola communis Obenberger)
boring in bramble (Rubus spp.) stems increases or decreases the distance be-
tween spirals such that the stem does not die until the period of pupal maturity.
Apparently, the death of the stem is a crucial factor, because Stager says the
pupae require a dry chamber. This seems to be true for species in the anxius
group, as well. One might, therefore, expect variations in the position of
horni pupal chambers to be at least partially related to moisture conditions in
the stem at the time of its construction. Their pupal chambers are located an
average of 4.8 inches above ground, but the position varies from a height of
2 inches to 14 inches. (Nord et al., 1965).

POST-FEEDING LARVAL PERIOD

Formation of the Pupal Chamber. Brooks (1914) made a detailed analysis
of pupal chamber formation by A. vittaticollis. The vittaticollis larvae ex-
tend a burrow of the usual dimensions through to the bark at the upper end of
the gallery. They then recede about 1/4 inch and begin eating wood from the
sides of the gallery. As this proceeds, their feeding is directed backward
along the ventral side of the body, thereby doubling the gallery diameter. The
two ends of the body are, as a consequence, appressed closely together, and
the head and anus soon lie side by side at the bottom of the pupal chamber.
The chamber is then complete, but the larvae continue to move forward until
the head and anus are at its upper end.

The larvae of all Agrilus spp. probably construct the pupal chamber sim-
ilarly. However, when the layers of birch bark are gradually peeled off over
anxius pupal chambers, a small loop in the gallery is found at the upper end of
the chamber (exit point for imago). The loop apparently marks the point at
which the larva turned in the bark and re-entered the xylem. It appears to be
peculiar to anxius, and may somehow relate to the peculiarities of birch bark.
The loop is not evident at the exit points constructed by g. liragus larvae, and
horni and pensus, at least, must double back in the manner Brooks (1914) has
observed for vittaticollis.

Shortening of the larva may be initiated earlier in most of the other spec-
ies of the anxius group than it is in vittaticollis. Whereas vittaticollis initially
settles in the pupal chamber with the body folded in half, the larvae of other
species assume a position in which the body is folded between the second and
third abdominal segments. While vittaticollis has both head and anus at the
upper end of the chamber, the other species have the folded portion of the body
at the upper end, the anus at the lower end, and the head pointed downward ad-
jacent to the abdomen (in standing trees). This would indicate that instead of
stopping where vittaticollis does, with head and anus at the upper end of the
gallery, they move around farther. An alternative possibility is that after
boring to the outer layers of bark, they merely turn back and feed along the
ventral side of the body until the gallery width is doubled, then gradually re-
cede or shrink to the overwintering position. This seems unlikely, however,
as the exit point is plugged with frass. Unless these Agrilus have acquired
the ability to pack frass with the mouth parts and head, it must be assumed
that the anus, at some time, is at the upper end of the pupal chamber. Brooks
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(1914) implies that it is the fourth instar vittaticollis larva which constructs
the pupal chamber, which may explain the difference in the folding position for
the abdomen in this species. The molt to the fifth instar occurs before forma-
tion of the pupal chamber in pensus, anxius, horni, and g. liragus, and the
fifth instar larvae are noticeably shorter and more stout than fourth instar lar-
vae.

Diapause. Barter (1947) has shown that it is necessary for anxius larvae
to reach the fifth instar before overwintering in order for pupation to occur the
following spring. He says that subjection of fifth instar larva in the pupal cham-
ber to subfreezing temperatures is necessary for the continuation of develop-
ment.

In early October 1966, some sections of a small birch tree infested with
anxius were collected near Manistee, Michigan, and stored indoors with the
intention of removing the larvae from them at leisure. In November part of
them were debarked, and none of the larvae had shrunk to the prepupal form.
In early December, however, adults emerged from these logs, and a few more
issued in late December. Some larvae, on the other hand, did not enter the
prepupal stage, suggesting that only some of them had been exposed to low
temperatures in the proper stage and for a sufiicient duration before they were
brought indoors. This is in agreement with recent theories which, according
to Wigglesworth (1964), suggest that diapause involves some phase of develop-
ment that can proceed only at low temperatures.

While the transition from the overwintering stage to the prepupal stage may
be possible only after some exposure to low temperatures, the transition it-
self appears to occur only when temperatures are above freezing, and probably
considerably higher. In Michigan the transition of anxius, g. liragus, and hor-
ni larvae to the prepupal stage occurs during the spring. In Benzie Co., the
transition of liragus larvae, in some cases, occurs before late April, but usu-
ally is later. In Iron Co. some horni larvae do not go into the prepupal stage
until early June.

PUPAL TRANSITION. In Iron Co. the transition from the prepupa to the
pupa usually occurs in May and early June for anxius, g. liragus, and horni.
There is no delay in development when the pupal stage is reached, and soon
after the all-white pupa forms it begins to take on some of the adult coloration.
The eyes are the first parts to darken, and the mandibles darken next (Barter,
1957). The elytra remain white until most of the other parts of the body have
darkened, and do not come to rest in the adult position until rather late in pu-
pal development. Very likely, this is the reason that the wings are deformed
more frequently than other parts in rearing these beetles. When drying of the
wood around the pupal chamber is too rapid, the elytra may not take shape
properly, after uncurling from the sides of the abdomen. This usually results
in a poor fit of the elytra along the suture, causing a gap which exposes the
membraneous wings. Sometimes the deformities are more extreme.

ADULT EMERGENCE

Study Procedure. Eclosion of the adults from the pupal chamber was fol-
lowed in several ways. Unfortunately, no good field emergence data were ob-
tained for g. liragus, and no attempts were made to get records of field emer-
gence for pensus.

In 1964 g. liragus emergence began about May 30, which was considerably
earlier than was expected. Consequently, there was not sufficient time to lo-
cate enough pupal chambers for checking field emergence adequately. Some
data were obtained by placing small triangular screen cages (fig. 13) over the
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exit points that were exposed by cutting away the outer bark layers. The same
method was employed in 1965, but because emergence was considerably delayed
the results were extremely poor. Dessication of the exposed bark layers and
wood prior to the beginning of the emergence period caused high mortality of
the pupae and young adults.

The same type of cage worked well for analyzing field emergence of anxius.
To expose the exit points for anxius adults, only a few outer layers of birch
bark had to be removed. Consequently, the rate of dessication of inner bark
and wood probably differed insignificantly from that of infested trees not trea-
ted in this way. A. anxius emerged normally from caged trees in 1964 and
1965. In 1964 the cages were checked intermittently, only often enough to
roughly establish the beginning, end and peak period of emergence. In 1965
they were checked daily, except on days when emergence was unlikely.

In 1964 the emergence of horni adults was followed in the field by examin-
ing some infested suckers marked with flagging. Although the plot was checked
only every other day, this method proved to be rather inefficient. Hence, dif-
ferent methods were used in 1965. The basal portions (sticks) of 123 infested
P. tremuloides stems were placed in a clearing at the University of Michigan
Forestry Camp near Beechwood, where they received full sunlight during the
middle of the day. The ends of the sticks were waxed, and the pupal chambers
were then located by comparing the sticks with their X— ray' negatives. Tubes
of plastic screening were positioned over the segments of the sticks harboring
the pupal chambers, and the ends of the tubes were constricted by stapling or
taping. The sticks were held in an upright position near the ground by cords
strung between stakes (fig. 14). They were checked daily.

It is probably safe to say that in most parts of their ranges, peak emer-
gence for anxius, g. liragus, and horni occurs during June, but even within
a given region there can be significant year-to-year variations in the emer-
gence pattern. The variations in emergence periods relate to weather varia-
tions. Davis and Raghuvir (1964) compared deviations from long term mean
air temperatures with emergence data for A. aurichalceus. The temperature
data used were those for the month of March, April, and May. Walton (1951)

Fig. 13. Small emergence cages stapled over exit
points for Agrilus anxius adults.

1
The X-ray machine and techniques used are discussed by Knight and Albertin (1966).
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Fig. 14. Plot at Camp Filibert Roth near Beechwood,
Michigan, where the emergence of Agrilus horni was

studied under semi-natural conditions by stringing the
infested sticks between stakes to hold them vertically.

employed the same technique for studying the emergence of A. ruficollis Fabri-
cius for successive years. Emergence appears to be sufficiently well corre-
lated with monthly temperature data to make the technique useful.

Results and Discussion. Table 1 shows the deviations from long term
monthly means for Stambaugh, Michigan for March, April and May in 1964
and 1965 (U. S. Weather Bureau, 1964). The average deviation for 1964 was
+0. 97 degrees, while that for 1965 was -1.23 degrees. Emergence data for
these two years reflect the differences.

In 1964 anxius emergence began in the Stambaugh vicinity about June 4 but
not until June 14 in 1965. The difference between peak emergence times was
even greater, being about June 7 or 9 in 1964, and between June 20 and 23 in
1965. In 1964 horni emergence began about June 7, but was delayed until a-
bout June 20 in 1965. Peak emergence was between June 9 and June 15 in
1964, while it occurred between June 21 and June 28 in 1965 (fig. 15).

The 1964 emergence periods of horni and anxius did not extend past the
end of June, but in 1965 both species continued emerging into July. Surpris-
ingly, one anxius adult was found alive in an emergence cage on August 4,
but with this unusual exception, emergence of this species ended by July 7.

A. horni emergence ended on July 15, making the duration of the 1965 emer-
gence period about equal to that for 1964

Table 1. Average deviation from long-term mean
air temperature (F) for Stambaugh, Michigan.

Month 1964 e 1965

March -2.2 -5.6

April +1.3 2.1

May +3.8 +4.0
Mean +0.97 -1.23
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Barter (1949) found that the mean emergence dates for g. liragus preced-
ed those for anxius by an average of 12.7 days. Although data obtained for
g. liragus inour study were rather poor, it is evident that the differences in
time of emergence are not as great in Michigan. A. g. liragus began emerg-
ing about 7 or 8 days before anxius in 1964, but the peak emergence periods
were not as far apart.

Anderson (1944) reared both anxius and g. liragus from caged aspen and
birch logs in Minnesota. He considered the possibility that he was working
with two ‘‘host races, ’’ so one might assume that he would have noticed any
significant difference in emergence times. In combining the emergence data
for both anxius and g. liragus, Anderson found that emergence began on May
29 and ended on July 2, the peak occurring on June 10.

A difference in peak emergence times for g. liragus and anxius would ap-
pear to have no more real significance than any other differences between these
species, and may be subject to the same kinds of geographic variation. These
beetles are, in any case, actively mating and laying eggs during time spans
which are nearly coextensive.

Population Regulating Factors

The factors which are usually considered important in the regulation of
insect populations are parasites, predators, and weather conditions. There
have been many semantic arguments devoted to the question of whether or not
factors which cannot take an increasing toll on an organism as its density in-
creases can be as important as factors that can increase their toll with density.
Because factors like weather conditions have no way of responding to density,
it is usually assumed that they fall in the former category. More often than
not, though, weather conditions are clearly a part of the climatic scheme to
which a species becomes adapted. There may be some variations of weather
which occur so infrequently that they are not likely to bring about genetic adapt-
ation in the species affected. Such catastrophic factors are here considered
to be of secondary importance as population regulating factors; a species must,
in the long run, be part of a density dependent controlling system. The factors
likely to be of major importance in controlling the Agrilus being considered
here, are parasites, predators, and host resistance.

HOST CONDITION . Host resistance can be regarded as an indirect effect
of weather conditions, but it is probably more valid to consider it to be a
manifestation of the more or less balanced relationship between the host and
its phytophagous parasite, and a manifestation of the physiological condition
of the host. The physiological condition of trees is most directly related to
their age and site quality. By loosely applying these two variables one could
explain most of the interactions which occur between Agrilus spp. and their
hosts but the balance of the interrelationship is also influenced by parasites
and predators, both phytophagous and entomophagous.

The Bronze Birch and Bronze Poplar Borers. Anderson (1944) says the
larvae of anxius or g. liragus require living ‘‘cambium’’ if they are to com-
plete their development successfully. Inner bark tissues which have died and
turned brown are unsuitable for larval development. Barter (1957) found that
some first instar anxius larvae may bore 13 to 18 inches without molting in
moribund phloem. Those that are able to molt bore about twice as far (6 inch-
es) as larvae feeding in phloem which has not turned brown. The evidence
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seems to indicate that these larvae require nutrients associated with living
phloem and that these essential nutrlents decompose when the phloem cells
die.

Swaine (1918) and Balch and Prebble (1940) reported finding anxius attack-
ing and killing many healthy, mature birches in Canadian forests. Nash et al.
(1951) reported that during times of high bronze birch borer population levels,
healthy trees are attacked and killed. Different opinions were held by Spauld-
ing and MacAloney (1931) and Hall (1933), who believed that the borer attacks
birches because they are ‘‘dying.’’Barter (1957) suggests that the borer may
appear to be more aggressive under outbreak conditions, but that it otherwise
plays only a secondary role. He and Anderson (1944) present evidence show-
ing that the beetles are usually unable to successfully attack healthy trees un-
less they are exposed to repeated unsuccessful borer attacks in successive
years. Of course, after such repeated attacks, the trees could not be con-
sidered healthy, and persistent attacks of this sort could only occur during
extended outbreaks. Perhaps unsuccessful attacks indicate that the number of
susceptible trees is limited, or that ‘‘spill-over’’ occurs from highly attractive
trees onto less attractive ones adjacent.

It is apparently only when many trees are simultaneously predisposed to
infestation that the bronze birch borer becomes epidemic. A. granulatus
liragus apparently does not often reach the outbreak state, but Barter (1965)
and Barter and Cameron (1955) found that following repeated defoliation by
the forest tent caterpillar, Malacosoma disstria Hber., aspens are predisposed
to g. liragus infestation. Under such conditions g. liragus can cause deterior-
ation and death of hosts it attacks either on branches or the main stem. Arru
(1962) discusses the factors which predispose newly transplanted poplars in
northern Italy to attacks of Agrilus suvorovi Obenberger (=viridis populnea
Schaeffer). Problems with this insect arose only after poplars were planted
on soils which were not as well suited to them as the deep friable soils to
which poplar cultures were formerly confined. Arru believes that the factors
which make the transplants susceptible to infestation by the beetle are those
preventing resumption of growth following planting. The most important of
them is moisture stress, which is likely to occur when poplars are transplanted
on sandy or pebbly soils, on embankments, or in compact, poorly aerated soil.

Anderson (1944) treated aspens and birches in a number of ways to deter-
mine the severity of injury, if any, necessary to predispose them to the attacks
of g. liragus and anxius'. He made some interesting observations on brood
development in 6 aspens and 6 birches which were girdled in September, 1940.
All of these trees, except one of the aspens, remained alive throughout the
summer of 1941, when they became infested with g. liragus and anxius. Brood
density below the girdles in the aspens averaged 1.2 per sq ft (52 sq ft exam-
ined), while above the girdles there were only 0.1 larvae per sq ft (88 sq ft
examined).  Similar results were obtained for the birches. Below the girdles
all the living borers were either pupae or adults, but only larvae were found
above the girdles during the spring of 1942.

All of the trees produced a small annual ring above the girdle during the
summer that they were attacked by Agrilus. No growth rings were produced
below the girdles in any of these trees, however.

When Anderson (1944) debarked the girdled trees he found that the bark

Both taxa were still lumped under the name anxius at that time.
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moisture content below the girdles was nearly 2 times that above. He assumed
this to be a reflection of conditions that had existed during the previous summer.
This assumption is incorrect because girdling trees by cutting through the
phloem causes starvation and death of the roots. After the roots of a girdled
tree die, water absorption ceases and the rest of the tree probably dies slow-
ly from dessication (Kramer and Kozlowski, 1960). Because the phloem above
the girdle continues to receive small amounts of carbohydrates, while that be-
low gets none, the former should maintain a higher moisture content. It is
the presence of solutes (sugars, etc.) in the phloem which allows its turgidity
to be maintained. The diffusion pressure deficit of phloem sap offsets the
effects of negative pressure or tension in the xylem. Therefore, the high
bark moisture contents Anderson found below the girdles in the spring of 1942
were possible only because the bark had absorbed moisture during the winter.
Hence, he has used a false premise in asserting that the larval mortality in
trees with a proliferating cambium is not related to bark moisture content.

Heering (1956) found a relationship between bark moisture content and the
susceptibility of beeches (Fagus sylvatica) to attack by Agrilus viridis.
However, he claims that in some cases callose formation becomes the impor-
tant host resistance factor, especially in trees so extensively dessicated that
defensive sap flow is impossible. Because callose is a polysaccharide con-
sisting of linked glucose units (Kessler, 1958), its formation involves a proc-
ess much like normal growth. The growth of trees is probably controlled
more by water availability than by any other environmental factor (Kozlowski,
1964), and deficits in water availability can cause physiological conditions
which override growth regulatory processes (Zahner and Donnelly, 1967). It
is, therefore, difficult tosee how severely dessicated trees could form callose
fast enough to pinch off continuously feeding larvae. The most logical explana-
tion is that when Heering thought larval mortality was attributable to callose
formation, the larvae had, in fact, been overwhelmed by phloem exudates, and
were afterward being overgrown by callose. Even his own observations sup-
port this contention. He found that in very moist, vigorous bark, the virdis
larvae construct vent holes (‘‘Rindensaft-Abflusskanalen’’) which prevent sap
from accumulating in the gallery by allowing it to drain off to the outside. The
very fact that the larvae have time enough to cease forward movement and
push the anterior part of the body through the bark, suggests that wound cal-
lose formation could not be rapid enough to kill them.

Heering (1956) found that the moisture content of bark infested with first
instar larvae is almost as high as that of sound bark. This could indicate
that bark which appears to be sound may really have low vigor, or instead,
that his technique is too crude for measuring the essential differences between
susceptible bark and bark resistant to infestation. He removed his bark sam-
ples from the trees, placed them in glasers’ putty, and analyzed their mois-
ture content in the laboratory. His index of tree resistance was bark mois-
ture content expressed as a percentage of its total dry weight. This measure
of host resistance is not precise because the active phloem constitutes a very
small fraction of the total bark mass. Critical differences in its turgidity
would be masked by variations in other bark factors, such as the amount of
accumulated cork or innactive phloem. Perhaps a refinement of the technique,
such as that used by Bier (1964) would give better results.

However, phloem pressure would probably be a better measure of active
phloem borer resistance for the majority of woody angiosperms. Some of the
angiosperms have gum ducts and may have resistance mechanisms analogous
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to those of conifers. For some conifers a close relationship between oleo-
resin exudation pressure and tree resistance to scolytid attack has been demon-
strated (see for example, Vité, 1961). While the nature of conifer oleoresin
ducts and their products makes pressure measurements relatively easy, host
resistance could not be studied as readily for species whose chief resistance
mechanism is the exudation of phloem sap. Piercing the phloem causes an
injury which interferes with its normal activity. However, the observations
of Heering (1956) suggest that useful pressure measurements might be ob-
tained without tapping the active phloem itself. He says that even before the
heads of newly-hatched Agrilus viridis larvae have completely entered the
bark, they are often repelled by exuding sap which detaches the egg shell from
the bark. Without the shell to push against the larvae are helpless.

If, as it appears, phloem pressure is actually the most important host
resistance factor encountered by phloem feeding Agrilus it should follow that
the serpentine galleries, like those often produced by g. liragus and anxius
are an adaptation giving them some advantage for withstanding the copious
flow of sap. In starting a zig-zag or sinuate gallery pattern, a larva makes
an initial cross-grain segment, then turns abruptly and reverses its direction.
When it begins to bore past the lateral extent of the gallery segment to which
it is adjacent, the larva usually reverses its direction.

Heering (1956) believed that the sinuate galleries produced by Agrilus vir-
idis larvae are the consequence of a fixed pattern of behavior, although they do
not follow a sinuate course in very decadent hosts. Barter (1965), on the
other hand, found that g. liragus makes galleries with very close transverse
segments in relatively vigorous hosts, while in more decadent ones the gallery
becomes more sinuous resembling those of anxius. Like xylem departures,
which for anxius or g. liragus increase in number with increasing host vigor,
the zig-zag or sinuate gallery pattern may be elicited as a sort of avoidance
reaction.

There seems to be little reason for assuming that the effect of phloem sap
on the larvae could be anything other than simple suffocation. Presumably,
when the larvae make departures into the xylem, the plug of frass behind
them protects them from the copious influx of phloem sap. The advantages
which might be derived from a serpentine gallery pattern are more nebulous,
however.

Barter (1957) suggested that by staying beneath the previously formed parts
of the gallery, the larvae are protected from the downward, translocation of
sap. However, downward progressing galleries do not seem to prevail over
those progressing upward in standing trees. Barter (1957) knew that galler-
ies can proceed in either direction, and his hypothesis is, therefore, inade-
quate, even for explaining the facts as he knew them.

Moreover, there seems to be good reason for believing that movement of
sap in the phloem of even the most vigorous of trees which Agrilus can infest
is, at most, very slight. Trees susceptible to Agrilus infestation are not
healthy and, without exception, must be subject to high internal moisture
stress. According to the mass-flow theory, phloem transport occurs from
areas of higher osmotic sap concentration to regions of lower concentration.
During the growing season, the direction of transport would normally be from
the crown toward the roots. However, when trees are under severe moisture
stress, the rate of respiration in the crown may equal or exceed that of gross
photosynthesis. Under such conditions there may be no transport of carbohy-
drates in the phloem, and its turgidity must become significantly lower than
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in trees not under moisture stress.

Furthermore, serpentine or zig-zag galleries are produced even in logs,
if they are infested rather soon after being cut. This is strong evidence sug-
gesting that they are produced in response to local turgidity rather than to the
mass flow accompanying the translocation of carbohydrates. It seems fairly
apparent that even when moisture stress is too great for the translocation of
carbohydrates to occur, the phloem is still sufficiently turgid for sap to in-
fuse into sieve elements that have been severed. When Agrilus larvae cut
through the sieve tubes, part of the exuding sap is probably absorbed by the
inactive phloem and the xylem. Consequently, the pressure of sap in gallery
should be lower than that in the surrounding phloem. In spite of the fact that
successful infestation must invariably be attended by low turgidity in the
phloem, sap should pass slowly from it until it loses its turgidity entirely or
until its pressure comes into equilibrium with that in the gallery.

If the foregoing premises are valid, the function of the sinuate or zig-zag
gallery pattern may be unrelated to phloem transport or to minimizing the a-
mount of sap that enters the gallery. It seems possible that they minimize |
only the detrimental effects of sap oozing from newly-severed sieve elements,
as is illustrated in figure 16. When a larva turns back adjacent to the prior-
formed gallery link, the phloem inside the turn is cut off between the links
forming a peninsula. These peninsulas should not exude as much sap as the
phloem outside the turn. The minimization of sap influx from the peninsula
might make it possible for the larvae to minimize its suffocating effects by
opening the spiracles on the side of the body adjacent to the peninsula. With
each successive link, then, the larvae could open the spiracles on alternate

Fig. 16. Sinuate gallery pattern similar to that of Agrilus anxius.
The vertical arrows indicate the hypothesized direction of sap infus-
ion into the gallery after severing of the phloem sieve elements (no
active transport is occurring). Because the body of the larva is a-
pressed very tightly to the walls of the gallery, alternately opening
the spiracles on the side of the body exposed to the smallest amount
of sap infusion, might allow continual respiration.
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sides of the body.

The differences in the pattern of the g. liragus and anxius galleries may
be partially related to differences in the phloem structure of birches and pop-
lars. It is not sound evolutionary thinking to assert that the gallery differences
are attributable either to genetic differences in the insect species or purely to
differences in the hosts. In other words, it is pointless to try to separate the
combined phenotypic effects of environment and genotype.

A. anxius or g. liragus larvae in relatively vigorous hosts construct longer
galleries than those living in weaker hosts. Barter (1957) found that anxius
which matured in one season in rapidly dying birches, made galleries of only
15 to 20 inches, while those in more vigorous trees matured in two years, af-
ter boring 20 to 52 inches. Anderson (1944) gives similar data for g. liragus
development. The reason for the vigor-related variations in gallery length
are apparently unknown, but two possibilities are evident: (1) larvae feeding
in relatively vigorous tissues perhaps must expend more energy in attaining
the nutrients necessary for complete development, or (2) molting of late lar-
val stadia may occur only under certain conditions, such as those relating to
host physiology, time of year, or both. There are no published data from
which it is possible to ascertain if the gallery segments for all larval stadia
are longer in more vigorous hosts or if the increase in gallery length is built
up during a particular portion of larval development.

The Alder-Birch Borer. Very little is known about the relationship be-
tween Agrilus pensus and its hosts, Alnus spp. and Betula nigra. Because
it is often difficult to distinguish pensus-infested speckled alders (Alnus rug-
osa) from uninfested ones, it seem likely that pensus plays a more primary
role in causing the death of these shrubs than do g. liragus and anxius in in-
festing their respective hosts.

It is very difficult to trace out complete pensus galleries because they
meander extensively through the xylem and a number of galleries may inter-
sect. Consequently, no attempts were made to accumulate data on total gal-
lery length. It seems likely, though, that the average length of pensus gal-
leries will approach the maximum length for anxius or g. liragus galleries.
Because dying speckled alders are probably not suitable hosts for pensus,
these insects are always contending with a level of host resistance which is
found only in the more vigorous of the hosts suitable for anxius or g. liragus.
Moreover, many speckled alders show signs of unsuccessful attacks, and suc-
cessful ones do not seem to occur very frequently. Much of the earlier por-
tion of larval life is spent in the xylem, and the mortality rate of young larvae
seems to be very high.

Blanchard (1889) records one location in Massachusetts where he found
pensus (under the name granulatus) in rather large numbers. Barter and
Brown (1949) collected a large series of pensus on Alnus crispa var. mollis
~and suggest that it is particularly well-adapted to this alder, which

is confined to the Atlantic seaboard. However, A. c. var. mollis does not
appear to differ greatly in form or in habitat from A. rugosa. Furthermore,
in June, 1968 an area in which pensus adults were moderately abundant was
encountered at Mallard Creek in Iron Co., Michigan. The creek bottom was
flooded by beavers during the previous summer and possibly also in the sum-
mer of 1966. It, therefore, appears that, at least throughout most of its
range, pensus becomes numerous only infrequently, particularly because of
the host resistance controlling factor.

The Aspen Root Girdler. Agrilus horni has different means for coping
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with host resistance than have anxius, liragus, or pensus. First of all, rather
than attacking dead or dying hosts, it limits its attacks to those poplar suckers
small enough to be overwhelmed, and those on which eggs are deposited appear
to be of normal vigor. The vigor of aspen suckers must be affected by the
root girdling of horni larvae. Zahner and Debyle (1965) found that pruning ei-
ther of the parental roots of Populus grandidentata suckers about 4 or 5 years
old usually causes a significant reduction in the growth of the suckers over a
span of two growing seasons following treatment. Usually, horni larvae com-
pletely masticate the xylem in one of the roots in which they bore. This occurs
at a point where the diameter of the root is about 1/8 to 3/16 of an inch in di-
ameter, and its chief function may be to elicit the turn of the larva back toward
the stem of the host (see page 20). However, because water absorption occurs
mainly in a zone 1 to 10 cm from the apex of a root (Kozlowski, 1964), the xy-
lem girdling may induce moisture stress or increase it in the stem of the host
and in the part of the root proximal to the girdle. If the xylem girdle occurs
in a branch of a main (or parental) root, or if it sometimes does not occur at
all, the survival of larvae may depend upon their ability to effectively girdle
the phloem, thereby causing starvation in the distal part of the root or pre-
venting food from reaching the stem and proximal part of the root from the
parent tree (ortet). There are probably definite size limits on roots which
can be effectively girdled in either manner.

In 1960 Nord (1962) measured the diameters of 150 horni-killed suckers.
He found that 84 percent of these had diameters of 0.5 inches or less. He was,
however, unable to demonstrate that horni shows a preference for small suck-
ers because a similar percentage of the suckers in the stand he sampled had
diameters below 0.5 inches. Studying the same area in 1962, Fowler (1963)
found that 71 percent of the infested suckers had diameters below 0.5 inches,
while about 76 percent of the healthy ones were below that size. Using regres-
sion and variance analysis, he compared the relationship of sucker height to
diameter for infested suckers with that for uninfested ones, and found no dif-
ference. His illustrations show the two sets of height-diameter data to be
strikingly congruent.

Fowler (1963) lists the numbers of infested and uninfested suckers in each
of the age classes from 1 to 6 years, and his data are presented in table 2.

Table 2. Age-class frequency distribution of healthy
and Agrilus-killed Populus tremuloides suckers"

Number of Suckers

A . .

8¢ Healthy horni-Killed

1 0 - - 1

2 3 - 13

3 19 ' - B8

4 55 : 51

5 53 23

6 20 4
Total 150 n 150

“Modified from Fowler (1963).
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When the two distributions are made comparable by subtracting one year from
the age of the healthy suckers, it can be seen that the age-class frequencies
of infested and uninfested ones are very similar. It must be remembered that
suckers which died at age X were actually selected by females at age X-1.
Hence, the suckers available to horni females in this area were from 1 to 4
years old. The maximum height of suckers in the area would have been about
6.5 feet. This is near the maximum size of suckers on which horni eggs have
been found.

The data of Nord (1962) and Fowler (1963) seem to indicate that the horni
females were ovipositing randomly with respect to sucker size. It appears
that when the eggs were laid, few of the suckers were too large to elicit ovi-
position, or that too few were sufficiently above the optimum size for survival
of larvae to make it apparent in the statistics.

A small experiment was initiated in 1964 to examine the effects of host re-
sistance on horni larvae. Four groups of 15 Populus tremuloides suckers
were chosen with the intention of introducing first instar horni larvae at their
bases. Two groups were composed of suckers beginning their second year of
growth, and the other two groups of suckers were starting their fourth grow-
ing season. They will be referred to as 2-year-old and 4-year-old suckers.

An area was picked in which the likelihood of having the experiment con-
founded by natural infestation was low, although this approach, admittedly,
has undesirabilities. - A random sample of the heights of 2 and 4-year old
suckers was taken. Heights were measured with a leveling rod and were re-
corded to within the nearest one-tenth foot of the point where the previous
season’s growth terminated.

The mean heights were calculated for each age class. Within each age
group, height classes of +1 standard deviation from the mean were set as the
sizes for suckers to be chosen for the experiment. The resultant height val-
ues for 2-year suckers were 1.3 and 3. 2 feet, while those for 4-year-old
suckers were 3.7 and 7.4 feet. These treatments will be referred to as
2-year-, 2-year+, 4-year-, and 4-year+ respectively. On selecting the suck-
ers for the experiment a +0. 2 foot leeway from the treatment value was al-
lowed.

Eggs for rearing the horni larvae were procured from 10 cheesecloth cages
which were placed over individual aspen suckers (fig. 17 and 18). A pair of
beetles was introduced into each of the cages, and the eggs were collected
periodically. The eggs were removed in groups by cutting away a portion of
the bark on which they had been deposited. After the eggs were removed ad-
ditional soil was placed in the can which enclosed the base of the suckers so
that subsequent oviposition would occur on smooth, uninjured bark.

The eggs and bark to which they adhered were placed in small incubators,
which consisted of 1 by 3 inch white pine blocks with five shallow depressions
made with a 1/4 inch drill (fig. 19). The eggs were placed in the depressions
and a microscope slide was fastened over the tops of the blocks with masking
tape. To keep the incubators moist, dampened paper toweling stapled to wood
strips was held in contact with the ends of the wood blocks by rubber bands.
The pan in which the incubators were placed was covered to prevent dessica-
tion.

A camel hair brush was used for transferring larvae. They were placed
in small petri dishes lined with moistened blotting paper and transferred to
the test suckers as soon as possible. The larvae were placed in small cavi-
ties cut in the bark about one inch above the sucker bases. The cavities were
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Fig. 17.

Unassembled cheesecloth cage for Agrilus horni oviposition.

Fig. 18. Assembled cheesecloth cage for Agri-
lus horni oviposition.
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Fig. 19. Wooden incubators for Agrilus eggs. Standard
microscope slides (1 X 3 inches) are taped over the tops to
cover the small depressions holding the eggs.

prepared with a sharp scalpel by making two horizontal incisions about one

eighth inch apart through the bark to the surface of the xylem. The incisions
were cut obliquely downward so that when the strip of bark between them was
pried out, the cavity formed would keep the wriggling larvae from falling out.

After the larvae were placed in the cavities, they were covered over with
tape. Test suckers were subsequently revisited for checking on the survival
of the larvae. Those which had died before boring into the exposed phloem
region were replaced. All dead larvae were replaced until all suckers har-
bored larvae which had started into the phloem. It was necessary to replace
seventeen larvae before all suckers were infested, although it was apparent
when the suckers were examined in 1966 that some of the larvae probably died
after boring a very short distance. Introductions were begun on July 25 and
completed on July 31, 1964. A few days following completion of the introduc-
tions, the cavities in the bark were filled with grafting compound to prevent
fungal infection or dessication at these points.

Evaluations were made by digging up the suckers and their roots on May 4
and 5, 1966. The larval galleries were traced by cutting into the stems and
roots with a sharp knife. The results are tabulated in table 3. It can be seen
that only one larva matured in a 2 year- sucker, and none completed develop-
ment in the 4 year+ suckers. Six of the larvae which eventually formed pupal
chambers were in the 2 year+ (2) and 4 year- (4) suckers.

The data are, of course, rather meager, but it is likely that survival in
the 2 year- and 4 year+ treatment was poor primarily because of the unfavor-
able conditions for the larvae in the roots. In 6 of the 2 year- suckers the
larvae had to bore in roots that were, perhaps, too small to allow successful
development. Larvae are known to have successfully matured after spiraling
over a span of only about 6 inches in small roots, but this is probably not al-
ways possible. Survival of horni larvae was probably impossible in three of
the suckers having roots of adequate size, because the roots were diseased
and decomposing at various points.

One of the 2 year- suckers had a very large root, about 1 1/2 inches in
diameter. Such large roots probably are not suitable for horni larvae either,
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Table 3. Development of Agrilus horni larvae in
selected Populus tremuloides root suckers.

Number of Larvae
Treatment” . . -

Boring at Least | - Boring More Completing

Short Gallery | Than 10 Inches | Development
2yr- - 14 8 1
2yr+ 14 8 2
4yr- 11 | ) 4
dyr+ 11 4 0
All 50 25 7

“Suckers were in their second (2yr) and fourth (4yr) growing sea-
sons when larvae were introduced and had heights (0. 2 ft; see p.
33) of 1.3 ft (2yr-), 3.2 ft (2yr+), 3.7 ft (dyr-), and 7.4 ft @dyr+).

probably because they cannot be girdled readily. Large root size was undoubt-
edly an important factor contributing to mortality in 4 year+ suckers too, but
some of the larvae in these suckers seem to have perished even before reach-
ing the roots.

All the information so far assembled indicates that horni can kill healthy
aspen suckers. However, there is an upper limit to the size of hosts it can
subdue. It also seems likely that, if other factors are equivalent, the suckers
on areas of good site quality are able to resist infestation better than those on
poor sites. The areas in which horni is likely to establish persistent popula-
tions are ones where suckers spring up in fields at the edges of stands of lar-
ger aspens or in areas where the aspen clones do not expand rapidly to fill the
intervening spaces. The site quality in such locations is usually low even in -
the former case, but is invariably poor in the latter. A. horni is usually not
found in areas of high site quality, and never becomes abundant on such sites.
Nevertheless, one should not assume that their scarcity in areas of high site
quality is directly related to the poor survival of larvae in these areas. The
horni adults seem to orient to open areas, and good sites usually produce
dense, closed stands. Moreover, the adults may have evolved this affinity for
open areas at least partly through the effects of genetic selection channelled
via differential survival of the larvae.

Poor aspen sites which are left rather denuded after fire, like the main
study area of Nord (1962) and Fowler (1963) are likely to be good horni habitats
after the aspens have suckered. The numbers of horni in such places should
decrease rapidly over a period of 6 to 8 years, however, In fact, in 1964,
approximately four years following the year of peak abundance, there were on-
ly a few horni-infested suckers to be found on the plot where Nord and Fowler
had worked. The largest infested suckers listed in their data had diameters of
1.0 inches (6 inches above base). A. horni eggs were not found on suckers
larger than 0.9 inches at the base. It appears as though host selection may be
the factor limiting the sizes of suckers which are actually infested. Again, the
crucial survival factor would appear to be root size, and this certainly corre-
lates rather well with stem size. Although host resistance may not directly
limit the upper size of suckers in which horni larvae can live (i.e., by simply
causing the mortality of those above the upper limit) one must presume that
adult host selection behavior is evolutionarily directed by the ultimate results
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of it.

PREDATORS . Woodpeckers are the only predators known to exert any pop-
ulation limiting effect on anxius and g. liragus. Their predation on g. liragus
is confined to standing trees (Barter, 1965), and the same is probably true for
woodpecker predation on anxius. Knight (1958) found that the feeding of wood-
peckers on bark beetles has the greatest effect when the beetle infestations are
heavy and infested trees are concentrated. Similarly, Barter (1957) found that
their predation an anxius appears to be more prevalent in heavily infested
trees.. One might then expect that the effectiveness of this predation would be
rather variable depending upon the size and concentration of populations, al-
though other factors are probably also important. Nash et al. (1951) found
that the toll of woodpeckers on anxius varied from very slight in some areas
to as high as 30 percent in others. Barter (1957, 1965), however, found that
woodpeckers consumed as much as 50 percent of anxius brood, and removed
up to 40 percent of the g. liragus brood from their pupal cells. Anderson
(1944) says that about 10 percent of anxius and g. liragus prepupae were con-
sumed by woodpeckers.

Woodpecker predation is confined to the spring, apparently occurring only
after the larvae begin the transition to the prepupal stage. Barter (1957) be-
lieved that woodpeckers fed on anxius at that time only, but later (1965) he
found that the pupae of g. liragus were consumed and presumed that adults
were also eaten.

Woodpeckers are also an important population limiting factor for pensus.

It appears that the predation on pensus occurs during the winter. Large num-
bers of pensus brood are never found in a single Alnus rugosa stem, but the
extent of concentration of infested alders may affect woodpecker activity. It
seems that once a woodpecker finds the first pensus pupal chamber in a stem
he is likely to find them a11 although there usually are not more than 7 or 8
in a single stem.

We have seen spiders and ants attackmg the adults of g. liragus and anxius,
but they probably cause little mortality. These beetles usually apress the legs
to the thorax and fall free of the host in time to avoid being caught. In one in-
stance, however, an ant had grasped its falling prey and both predator and
prey fell to the ground where they couldn’t be found. The quickness with which
these beetles take flight or drop to the ground, especially on hot days, is ap-
parently reflected in Gory’s name anxius (nomen nudum of Dejean), and it
seems rather unique that torpidus Leconte has been placed as a synonym of the
former.

Nord et al. (1965) observed ants mouthing the eggs of horni on caged aspen
suckers. Since ants frequently pass up and down the stems of suckers, often
in visits to sources of aphid honey dew, they may encounter the horni eggs
which are placed above ground level. Because many eggs survive to hatch,
they do not appear to be particularly attractive to ants, however.

PARASITES . Nash et al. (1951) listed eight parasite species which were
reared in cages containing logs infested with anxius. It is certain that some of
the Ichneumomdae they list as anxius parasites were instead reared from other
insects' Glypta sp. and Pimplopterus sp. are parasites of Lepidoptera, while

1 e s
Identifications made for Nash et al. were undoubtedly reliable as they say these were
made by Townes and Muesebeck, both prominent specialists.



38 | Contrib. Amer. Ent. Inst., vol. 4, no. 3, 1969

Olesicampe sp. is a sawfly parasite. None of these could have been reared
from anxius.

The parasite Barter (1957) reared from birches was identified for him as
Ephialtes sp., but has more recently been identified as Dolichomitus messor
perlongus Cresson'. The Ephialtes species reared from Populus by Barter
(1965) is probably the same species. The parasite identified for Nash et al.
(1951) as Ichneumon sp. is probably Dolichomitus sp., perhaps D. messor
perlongus. Nomenclatural corrections in the usage of Ephialtes Schrank and
Ichneumon L. have reinstated their application to groups parasitic on Lepi-
doptera?,

Townes and Townes (1960) record D. messor perlongus as being reared
from Saperda calcarata Say, and S. concolor Leconte, and it also parasitizes
Oberea shaumii Leconte. Townes?3 expresses doubt that females of messor
perlongus could develop on Agrilus spp.

The records of several braconids reared by Nash et al. (1951) from anxius
are probably legitimate. The species are Atanycolus charus Riley, Spathius
simillimus Ashmead, and Doryctes atripes Provancher. They also reared
the chalcid, Phasgonophora sulcata Westwood.

Barter (1957) reared an additional braconid from anxius, Helconidea liga-
tor Say, but did not rear Doryctes. However, he records Doryctes sp. para-
sitizing g. liragus (Barter, 1965). Besides the Ephialtes sp. already discussed,
other parasites Barter reared from g. liragus were Atanycolus charus, Phas-
gonophora sulcata, and the eulophid, Tetrastichus sp., listed as probably be-
ing near rugglesi Rowher.

Barter (1957) says that Atanycolus and Phasgonophora were the most im-
portant larval parasites of anxius, parasitizing 1 to 52 percent (average 14
percent) and 1 to 8 percent (average 4 percent) of the larvae, respectively.
Other parasites were recovered only occassionally. He recovered parasites
from only 9 percent of all larvae in his samples. Therefore it appears that
total parasitism was not usually as great as is indicated by the percentages
listed above, which were calculated for a sample of 600 larvae.

The only parasites which was consistently reared from g. liragus larvae
by Barter (1965) is Phasgonophora sulcata, which parasitized from 2 to 20
percent of the larvae. Other parasites were reared less frequently.

Parasitism on larvae of anxius and g. liragus may amount to a rather in-
significant portion of the total mortality factors which regulate their popula-
tions. The same cannot be said for egg parasitism, however. Barter (1957,
1965) and Nash et al. (1951) found that parasitism was consistently high on
eggs of anxius and g. liragus, usually being near 50 percent for both species.
Apparently, two chalcidoids were about equally important, even though in in-

The specimens reared from Betula were lent to us by Mr. Barter for identification, but
those he reared from Populus has been accidentally destroyed.

2
The revision of the Ephialtinae by Townes and Townes (1960) had led to the change for

Ephialtes, and Ichneumon, sensu Townes (1944), included Dolichomitus, sensu Townes
(1960).

Personal communication, 1966; H. K. Townes, American Entomological Institute, Ann
Arbor, Michigan.
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dividual cases the species were alternately dominant. One was identified as
Thysanus sp. (Thysanidae) and the other is an encyrtid near Coccidencyrtus.

While the egg parasites of anxius and g. liragus must be more important
in population regulation than the parasites of the larvae and pupae, the reverse
seems to hold for horni. Only four eggs in a sample of 147 (about 3 percent)
taken in 1965 were found to be parasitized. The parasite was identified as
Oobius sp.'

Although they are exposed to parasites for a shorter time than the larvae
of g. liragus or anxius, horni larvae are parasitized much more heavily. A.
horni pupae are also parasitized rather frequently. Total parasitism of lar-
vae and pupae was about 42 percent in 847 rearings, with Tetrastichus nordi
Burks being reared most often. This eulophid is quite small and probably
lays its eggs on the larvae when they spiral just beneath the bark in the stem,
between the time of their emergence from the root and formation of the pupal
chamber. This was deduced from observing the behavior of a few T. nordi
females in the laboratory and from X-ray pictures of T. nordi larvae develop-
ing just beneath the bark on larvae that never formed a pupal chamber. Usually,
however, the horni larvae are not killed by Tetrastichus until after the pupal
chamber is formed.

Emergence of T. nordi adults corresponds with the time when horni larvae
are re-entering the sucker stems (August and early September). An average
of 49.1+ 17.1 adults emerged in a sample of 49 broods. The size of the adults
and their sex ratio is quite variable.

Three ichneumonids were found with about equal frequency in horni pupal
chambers. They parasitized a combined average of approximately 13 percent
of the horni collected. These parasites have longer ovipositors, enabling
them to place eggs on the larvae and pupae within their pupal chambers. Xylo-
phrurus agrili Viereck has been reared from horni larvae and pupae in both
spring and fall. Brooks (1914) says this species has two generations per year.
He found it to be an important parasite of A. vittaticollis, which bores in the
roots of various trees and shrubs of the family Roseaceae. In the fall it lays
its eggs on the vitaticollis larvae at about the time they are forming the pupal
chamber. The spring brood attacks pupae or larvae just prior to pupation.

A. vittaticollis may be the primary host for X. agrili, as Brooks found it to
destroy from 25 to 40 percent of the larvae and pupae of this beetle:

Xylophrurus bicolor maurus Townes emerged from horni pupal cells only
during the spring, and all of the collecting and rearing records which Townes
and Townes (1962) list for X. bicolor indicate that the adults fly only during
the spring. X. bicolor seems to have a diapause similar to that of many Agri-
lus spp., requiring an extended period of cold for development to be completed.
It is perhaps for this reason that efforts to rear the adults from suckers col-
lected during the initial stages of larval development are not very successful.

No rearing records were previously available for X. bicolor maurus. How-
ever, the western subspecies, X. bicolor bicolor has been reared from an in-
sect in Salix sp. and from Saperda moesta Leconte infesting Populus balsami-
fera ssp. trichocarpa (Townes and Townes, 1960).

The third ichneumonid, Mastrus smithii Packard, was incapable of emerg-
ing from horni pupal cells. The only adults obtained were removed from the
infested suckers where they died, often after boring only part of an exit hole.

1Determined by B. D. Burks, U. S. Dept. Agr., A.R.S., Enfomology Res. Div., Wash-
ington, D. C.
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The mandibular teeth of these specimens are usually worn considerably. This
species is known to be a secondary parasite on the ichneumon fly Gambrus
extrematus Cresson and has been reared from the coccoons of two sawfly
species (Townes, 1951). It seems likely that it is poorly adapted for emerg-
ing from Agrilus pupal cells, and probably parasitizes ichneumonid parasites
of other insects with greater success, particularly those in the coccoons of
cecropia moths. . : | .

Besides Tetrastichus nordi, several other Chalcidoidea' were reared from
horni pupal chambers. They caused about 6 percent mortality of the horni
reared in this study, and this was attributed principally to Lampoterma sp.?,
a pteromalid. This parasite emerges about mid-May, and therefore, oviposits
chiefly on prepupae or pupae of horni. From 3 to 10 adults develop in each
horni pupal chamber. This Lampoterma sp. appears to be limited to one
generation per year by an obligatory pupal diapause.

Eurytoma magdalidus Ashmead (Eurytomidae) was reared from several
horni pupal cells, but this species may be a secondary parasite. In two in-
stances it is known to have emerged from pupal chambers which harbored two
different types of parasite larvae.

Some of the larvae and pupae which died for unknown reasons (17. 7 percent)
may have been killed by parasite stings. Consequently, the impact of parasi-
tism may be underestimated.

ADULT BEHAVIOR

Feeding and Maturation

Barter (1957) found that Agrilus anxius females, maintained in the labora-
tory, fed about 6 days before showing any tendency to lay eggs. Adults of
anxius and g. liragus are not found mating or ovipositing in the field until about
2 weeks following emergence. There is no reason to suspect that the same is
not true for horni and pensus.

Oghushi (1963) found that under laboratory conditions Agrilus auriventris
auriventris Saunders females formed ova 5 to 6 days after emergence, but full
grown ova were not present until 8 to 10 days after emergence. Oviposition be-
gan on or after the eleventh day following adult eclosion. Ogushi found no full-
grown ovaries in females which had not fed. Their development was very slow
in unfed beetles, many of which did not live long enough to reach the oviposi-
tion stage.

Similar developmental requirements are probably common to most, if not
all, Agrilus. Some unfed anxius females dissected quite soon after emergence
had partially developed ova. Without food, however, these females are prob-
ably unable to form fully-developed eggs, and usually die after a rather short
time.

A. anxius adults were maintained successfully during the winter on pieces

1Determined by B. D. Burks, U. S. Dept. Agr., A.R.S., Entomology Res. Div., Wash-
ington, D. C.

2Nord et al. (1965) list this species as Metastenus sp., but the application of Metastenus
has recently been changed (cf Burks, 1967).
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of apple, but in nature their feeding is, no doubt, restricted to leaves. Hutch-
ings (1923a) says the bronze birch borer feeds more readily on the foliage of
poplars and willows than on birch. Barter (1957) found that anxius adults con-
sume the leaves of poplars, particularly those of Populus tremuloides, more
readily than those of Betula papyrifera. The findings of Nash et al. (1951)
differ slightly; in their laboratory studies anxius showed the greatest prefer-
ence for P. grandidentata foliage. They rate the species used in their tests

in the following order of decreasing preference: P. grandidentata, P. tremu-
loides, Salix spp., Betula lutea (= alleghaniensis), B. papyrifera, P. balsam-
ifera, and Alnus spp.

Very little is known about the feeding habits of anxius adults, but they were
occasionally observed feeding on B. papyrifera leaves by Barter (1957). Brit-
ton (1922) says bronze birch borer adults (those attacking birches) fly about
and feed to some extent on the foliage of willow, poplar, and probably birch.

We have not tried feeding horni adults anythlng besides P. tremuloides
leaves in the laboratory, and horni was found in the field on no plant other
than tremuloides. Aspen leaves undoubtedly comprise the major portion of the
adult horni diet, which is probably true for g. liragus also.

A. pensus, on the other hand, did not readily consume the foliage of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>